Introduction
NADPH-cytochrome P450 reductase (CPR), a prototypic diflavin reductase, supplies electrons from the reduced pyridine nucleotide of NADPH to the monooxygenase cytochrome P450 as well as heme oxygenase and the electron transport hemoprotein cytochrome b 5 [1, 2] . CPR is suggested as a fusion of two ancestral proteins, an FMN-containing flavodoxin and an FAD-containing reductase, the latter represented by ferredoxin-NAD(P) + reductase (FNR) and NAD(P)H-cytochrome b 5 reductase (CYB5R) [3, 4] . Homologs of CPR include the reductase portion of nitric oxide synthase [5] , the flavocytochrome P450 from Bacillus megaterium (BM3) [6] , the bacterial sulfite reductase [7] , the mammalian methionine synthase reductase [8] , and the novel reductase 1 cytoplasmic protein NR1 [9] . Cytochrome P450 reductase is divided into four domains: an N-terminal FMN-binding domain, a connecting domain, an FAD-binding domain, and a C-terminal NADPH-binding domain [10] . The consecutive FAD-binding and NADPH-binding domains are also referred to as the FNR-like domain. Biochemical and crystallographic analysis confirmed the functional and structural similarity of the FMN-binding domain to flavodoxin, and of the FNR-like domain to FNR or CYB5R [11] . The connecting domain, necessary to maintain the orientation of the FMN-binding domain and the FNR-like domain, possesses well-defined secondary structures and shares no similarity with other known proteins.
The CPR-catalyzed reduction includes multistep electron transfer, first from reduced NADPH to FAD, then to FMN, and finally to the ultimate electron acceptor [12] . The first reported CPR structure, that of rat liver CPR (rCPR) [10] , and the structures of yeast CPR (yCPR) and of human CPR (hCPR) [13, 14] , show a 'closed' state in which internal electron transfer is facilitated by the proximity of the cofactors [15, 16] . The orientation of FMN and FAD is compatible with a rapid electron transfer route.
A hinge region links the N-terminal FMN-binding domain to the rest of CPR. Mutant rCPR with a fourresidue deletion in the hinge region gets locked into an 'open' state, in which the FMN-binding domain extends away from the FNR-like domain [17] . This mutant rCPR forms a stable complex with a heme-containing heme oxygenase [18] . A yeast-human hybrid CPR, whose FMN-binding domain is from yCPR and the rest sequence is from hCPR, is also observed in a widely open conformation [19] . An engineered disulfide linkage that bridges the FMN-binding and FAD-binding domains exhibits a significant decrease in the rate of electron transfer [20] . These findings indicate that the FMN-binding domain undergoes a large conformational change during the catalytic process, and that the 'closed-open' state transition is necessary for CPR's activity [21] .
In contrast to the massive P450 genes within plant genome, only a limited number of CPR genes exist [22] [23] [24] . The model plant A. thaliana has two authentic CPRs, A. thaliana NADPH-cytochrome P450 reductase 1 (ATR1) and ATR2 [25] [26] [27] , and one hypothetic ATR3. ATR3 encodes a diflavin reductase essential for embryogenesis and its sequence is close to that of NR1 [28] . ATR2 shares~40% identity with rCPR and yCPR, and~30% identity with the reductase portion of BM3 (Fig. 1) . Kinetic analysis of electron flux in CPRs reveals that the rate-determining steps in plant and mammalian enzymes are different [29] . However, the structural basis for these differences remains unclear.
Here, we report the crystal structure of ATR2 at 2. 3 A resolution. The FMN-binding domain is located in close contact with the connecting domain and the NADPH-binding domain, in a position between the closed and open states. The distance between the flavin rings of FMN and FAD is 23 A, and biochemical assay indicated that the electron transfer in ATR2 is direct between FAD and FMN. The interaction between the FMN-binding domain and the NADPHbinding domain is mediated by a salt bridge of E186 with R708. R708 adopts alternative conformations, which could act as a gating residue that plays critical roles in the closed-open cycle. Notably, R708 is only conserved in plant and algae CPRs but not in the mammalian or yeast ones. This suggests a specific regulation of CPR for the plants.
Results

Overall structure
The structure of ATR2 was determined at 2.3
A resolution (Table 1) . Two forms of ATR2 exist in the crystal. Form A (chain A) has the electron density for all four domains except a 43-residue fragment of the hinge region; Form B (chain B) has the electron density for three domains, but lacks that for the FMNbinding domain ( Fig. 2A) . The structure of ATR2 is described based on Form A unless noted otherwise. The overall structure is similar to the known structures of CPR in a closed state (Fig. 2B ), including rCPR [10] and yCPR [13] , as well as the reductase portion of BM3 [30] . This suggests that ATR2 is probably in the closed state where the internal electron transfer is facilitated. Remarkably, the FMN-binding domain in Form A rotates away from the other three domains compared with the known CPRs in the closed state, resulting in a 'half-closed' state (Fig. 2C) .
Cofactors FMN and FAD
The electron densities for the two electron carriers FMN and FAD are well defined (Fig. 3A) . FMN is bound in a similar way as in other CPRs, as well as the bacterial FMN-containing flavodoxin [31] (Fig. 3B,  C) . The carbonyl oxygen atom of G169 in the vicinity of the flavin ring points away and adopts an 'O-down' conformation (Fig. 3D ). Y168 stacks with the flavin ring in a tilted way, and forms hydrogen bond with the phosphate moiety of FMN. These two structural characteristics indicate that the FMN observed here is in an oxidized state as recently shown in the high-resolution structure of rCPR [32] .
The cofactor FAD is in an extended conformation (Fig. 3E) . The flavin mononucleotide moiety is anchored by hydrogen bonds with the backbone amide or carbonyl groups of F490, S492, T507, A509, T524, and C525, with the hydroxyl groups of Y491 and S526, and with two water molecules. The isoalloxazine ring is stabilized by a parallel p-p interaction with the indole ring of the C-terminal conserved tryptophan (W711 in ATR2), and an almost perpendicular p-p interaction with the phenyl ring of Y491 as in other CPR structures. W711 blocks the interaction between the nicotinamide ring of NADPH and the flavin ring of FAD, which suggests that ATR2 is not in the state of receiving hydride from NADPH as revealed by the structural studies of rCPR-NADPH and FNR-NADPH complex [33, 34] . The adenine moiety of FAD is bound by multiple interactions (Fig. 3E) . The phosphate group is saltbridged with the side chains of R489 and H521. The former is conserved in all CPRs and the latter is only conserved in plant's CPRs. The adenine ring forms three hydrogen bonds, with the backbone carbonyl groups of L414 and Q458, and with the hydroxyl group of S416. These three residues are all from the connecting domain. This mode of adenine binding is different from those in rCPR, hCPR, and BM3 (Fig. 3F) . The side chain of a tyrosine (Y478 in rCPR and Y481 in hCPR) stabilizes the adenine ring and therefore FAD is bound exclusively by the FAD-binding domain. A second FMN-binding site is located between the FMN-binding and connecting domains of yCPR, where the adenine ring of FAD is positioned between those in ATR2 and in rCPR/hCPR [13] .
Interflavin electron transfer
The edge-to-edge distance between FAD and FMN is 10.6 A (Fig. 4A ), which is much longer than that in rCPR or yCPR. The distance between the N 5 atoms of the two flavin cofactors in ATR2 is about 23 A. Residues including Q112, Y168, D175, D666, and K668 are positioned between FMN and FAD (Fig. 4B ). Among them, Q112 and Y168 directly participate in FMN binding, and D175 and K668 are located midway between two flavins. D666 is important in maintaining the conformation of the FAD-binding site (Fig. 4C ). Direct electron transfer can happen in a distance < 14
A [35] . Whether the interflavin electron transferring is direct as in other CPRs [10, 13, 14] needs to be tested.
We first measured the in vitro reductive activity of ATR2 by using cytochrome c as electron acceptors (Fig. 4D,E) . The results showed that ATR2 can reduce cytochrome c in the presence of NADPH. To test whether any of the afore-mentioned residues between FMN and FAD are involved in possible electron relay, we mutated each residue to alanine and tested the activity of each mutant protein (Fig. 4F,G) . Q112A, Y168A, and D666A mutant proteins lost about half activity, and D175A and K668A showed no difference from the wild-type protein. We constructed double mutants for Q112A, Y168A, and D175A and the triple mutant. Only one double mutant Q112A D666A was obtained, while the other mutants resulted in inclusion bodies during expression. The double mutant retained about one-third of the activity of the wild-type. Thus, none of these five residues is critical for the reductive activity, which suggests a direct electron transfer between these two cofactors. When cytochrome b 5 was used as an electron acceptor, the activity of each mutant protein shows no significant difference from the wild-type ATR2 (Fig. 4H,K) . This is consistent with the speculation that the reduction in cytochrome b 5 is conducted by the FNR-like domain without involvement of the FMN-binding domain.
Interdomain interactions
The FMN-binding domain is in close contact with the connecting and NADPH-binding domains (Fig. 5A,B) . Three pairs of interactions occur: the carbonyl groups of D239 and T113, and the side chain of E118, with the side-chain of K447, the main-chain amide of K419, and the side-chain of K418, respectively. This interface buries a total area of 265 A 2 as calculated by PISA program [36] . This is approximately one-third of that in rCPR (791 A 2 ). The interactions between FMN-binding and NADPH-binding domains include one salt bridge between R708 and E186. The buried surface area is 409 A 2 , which is approximately twice of that in rCPR (237 A   2 ). R708 from the NADPH-binding domain adopts alternative conformations in Form A (Fig. 5A,  B) , and is the only residue that directly interacts with FMN-binding domain. To test the role of R708, we generated two mutants: R708E and R708L. The former mutant could abolish the salt bridge with E186, and the latter one is replaced by a neutral residue. We then measured the reductive activity of these two mutant proteins. The activity for cytochrome c reduction is totally lost, while the activity for cytochrome b 5 is mostly retained (Fig. 5C ). These results suggest that R708 is critical to bind FMN-binding domain, and thus facilitates the electron transfer from FAD to FMN. 
, where I i (hkl ) is the i th observation of reflection hkl and <I(hkl )> is the weighted intensity for all observations i of reflection hkl.
where F o and F c are the observed and calculated structure factors, respectively. c R free is the cross-validated R-factor computed for a test set of 5% of the reflections, which were omitted during refinement.
Discussion
NADPH-binding site
Arabidopsis thaliana NADPH-cytochrome P450 reductase 2 cannot form a stable complex with NADPH, and therefore we did not obtain the ATR2-NADPH complex in crystal. To get a clue of the NADPH-binding site, we modeled an NADPH molecule into the ATR2 structure by comparison with known homologs with bound NADPH (Fig. 6A,B) . NADPH fits well with ATR2 in the ATR2-NADPH model, as most of the NADPH-binding residues are conserved among CPRs (Fig. 1) . Similar to the cases of CPR bound with NADPH [10, 14] , the nicotinamide moiety in ATR2-NADPH model is not stabilized by any interaction and is disordered. Upon NADPH binding to the NADPH-binding domain, the nicotinamide is stabilized by a stacking interaction with the flavin ring of FAD [33] . Alternatively, the nicotinamide moiety of NADPH is too flexible to be observed when the flavin ring of FAD stacks with the indole ring of the C-terminal conserved tryptophan, W677 in rCPR [10] . In the ATR2 structure, the flavin ring of FAD is stacked by W711. Previous kinetics study has revealed that electron transferring from NADPH to FAD is much faster in plant CPR than that in hCPR [29] , which could be a reason that NADPH cannot be 'captured' by ATR2 in this study.
Rate-limiting step
The distance between FAD and FMN is much longer in ATR2 than in rat, human, and yCPRs (Fig. 4A) . However, the electron transfer in ATR2 is still proved to be direct (Fig. 4F ,G,J, and K). This speculation is consistent with the kinetic assays [29] . In plant CPRs, interflavin electron transfer is slower than NADPH hydride transfer; in hCPR, transfer of a hydride ion from NADPH to FAD is tightly coupled with subsequent FAD to FMN electron transfer. The rate of the transfer of electrons from FMN to cytochrome c in all CPRs is rapid [29] . All these results suggest that the rate-limiting step for plant CPR is the interflavin electron transfer, and for hCPR/rCPR/yCPR is the electron transfer from NADPH to FAD.
Conformational change in the FMN-binding domain
The FMN-binding domain needs to undergo a large conformational change during each catalytic cycle [1, 15, 16, 21] . When the FMN-binding and FAD-binding domains are fixed with an engineered disulfide bond, rCPR exhibited a significant loss of activity [20] . When a tetrapeptide sequence TGEE in the hinge region that links the FMN domain to the rest of rCPR was deleted, the protein was kept in an extended conformation and the electron transfer from FAD to FMN was defective [17] . Interestingly, this extended rCPR is capable to bind to its redox partner [18] . Small-angle X-ray scattering of the oxidized and NADPH-reduced CPRs showed that they are in different shape [37] . The closed-open state transition should be a process coupled with the catalyzing cycle. In the known 'closed-state' CPR structures including the ATR2 structure reported here, the FMN-binding domain interacts directly with the connecting and NADPH-binding domains. These interactions are mostly salt-bridges and hydrogen bonds. This is consistent with the observation using small-angle X-ray scattering and nuclear magnetic resonance spectroscopy, which reveals that CPRs exist in a salt-and pH-dependent rapid equilibrium between a rigid/closed state and a highly flexible/ open state [38] .
A model of plant-specific arginine switch R708 is on the interface between the N-terminal FMN-binding domain and the C-terminal NADPHbinding domain (Fig. 7A) . Two conformations are seen for this arginine in Form A. Its mutation to glutamate or leucine abolishes the reductase activity of ATR2 for cytochrome c. This arginine is conserved from the green alga Chlamydomonas reinhardtii to higher plants, and it may act as a switch between the closed-open states by mediating the interdomain interaction. In the P450 BM3 system, the counterpart of this arginine is a lysine (Fig. 7B) . The bacterial BM3 system is a self-sufficient mono-oxygenase with fused cytochrome P450 and CPR. Whether this reflects an evolutionary link between plant CPRs and bacterial self-sufficient P450 system awaits further analysis.
Experimental procedures
Protein expression and purification
The ATR2 gene (At4g30210) without the signal and transmembrane sequence (residues: 1-72) was amplified by PCR and inserted into a modified pCWori+ vector. The maltosebinding protein (MBP) and the His 6 tag-coding sequences from pETMALc-H vector [39] were ligated between the 5 (Novagen, Darmstadt, Germany) between Nde I and Xho I sites to produce a fusion protein containing an N-terminal His 6 tag. The vector was transformed into E. coli BL21 (DE3) cells. The cells were grown at 37°C till the culture reached an optical density of around 0.8 at 600 nm, and then grown at 16°C for 30 min before addition of 0.2 mM (final) IPTG. The cells were grown at 16°C for 16 h, and then harvested by centrifugation. The cell pellets were resuspended in buffer A supplemented with 20 mM imidazole, sonicated in an ice bath, and then the cell debris was removed by centrifugation. The cleared lysate was loaded onto a Ni-nitrilotriacetic acid agarose column equilibrated with buffer A, and then washed with buffer A supplemented with 20 mM imidazole. The recombinant cytochrome b 5 was eluted with 200 mM imidazole in buffer A, and then concentrated by ultrafiltration to a volume of 2 mL. The concentrate was loaded onto a HiLoad 16/60 Superdex 200 column equilibrated and eluted with buffer A supplemented with 2 mM DL-Dithiothreitol (Amresco, Solon, OH, USA). The fractions corresponding to cytochrome b 5 were pooled and analyzed by SDS/PAGE, then concentrated, and frozen at À80°C for further activity assay.
Crystallization and data collection
The purified ATR2 was concentrated by ultrafiltration to 15 mgÁmL À1 . For crystallization, 1 lL ATR2 was mixed with 1 lL reservoir solution and equilibrated against a 200-lL reservoir by sitting drop method at 16°C. The crystals were grown in 21% (w/v) polyethylene glycol monomethyl ether 2000 and 0.1 M MES, pH 6.5. The crystals were transferred step by step into drops of the reservoir solution supplemented with 5%, 10%, and 15% (v/v) glycerol before being flash-cooled in liquid nitrogen. The diffraction data were collected at 100 K at the Shanghai Synchrotron Radiation Facility beamline BL17U. Diffraction data were indexed, integrated, and scaled using DENZO and SCALEPACK within the HKL2000 package (HKL Research, Inc., Charlottesville, VA, USA).
Structure determination and refinement
The ATR2 structure was determined by molecular replacement using the program Phaser [40] in the CCP4 suite [41] . The coordinates of rat liver microsomal NADPH-CPR (PDB entry 1AMO) [10] were used as template. The resulting model was rebuilt using the PHENIX AutoBuild wizard [42] . Manual correction was performed with Coot [43] according to |F o | À |F c | and 2|F o | À |F c | maps, and further refinement was carried out with phenix.refine [44, 45] . The quality of the refined structure was evaluated by MolProbity [46] . The results demonstrated that 96.7% of the residues were in the most favored regions of the Ramachandran plot, 3.2% were in the additional allowed regions, and none were in the disallowed regions. Coordinates and structure factors have been deposited in the PDB under the accession code 5GXU. All structure figures were prepared with PYMOL (Schr€ odinger, LLC, New York, NY, USA). 
Site-directed mutagenesis
Arabidopsis thaliana NADPH-cytochrome P450 reductase 2 single mutants were generated with the Fast Mutagenesis System kit (TransGen Biotech, Beijing, China) using pCWori+-MBP-His 6 -ATR2 as a template. The double and triple mutants were constructed using single and double mutants as a template, respectively. All mutants were sequenced to confirm the desired mutations. The procedure for purification of the mutant proteins was the same as that of the wild-type.
Reductase activity assay
The ATR2 activity is assayed using both cytochrome b 5 and cytochrome c (Sigma-Aldrich, St. Louis, MO, USA) as electron acceptors. The assay is performed in 300 lL buffer of 20 mM Tris-HCl, pH 7.5, and 100 lM NADPH in a quartz cuvette, with either 9.5 lM cytochrome b 5 or 8.08 lM cytochrome c. The reduction in cytochrome b 5 is started by adding ATR2 to a final concentration of 113 nM, then scanned between 350 and 600 nm after 270 s or recorded every 10 s at 423 nm. The reduction in cytochrome c is started by adding 0.4 nM ATR2, then scanned between 350 and 600 nm after 270 s or recorded every 10 s at 550 nm.
